Incubation of human thymocytes in the presence of phorbol esters caused a reversible decrease in the mRNAs encoding terminal deoxynucleotidyltransferase (TdT; EC 2.7.7.31) and adenosine deaminase (ADA; EC 3.5.4.4) and an increase in the mRNA encoding purine nucleoside phosphorylase (PNP; EC 2.4.2.1). The effect of phorbol esters on TdT and ADA mRNA levels can be attributed to an apparent decrease in the stability of the mRNAs. The changes in ADA, TdT, and PNP mRNAs closely simulate changes in the activities ofthese enzymes that occur during T-cell differentiation in vivo, suggesting a role for protein kinase C activation in the regulation of the expression of these genes during intrathymic T-cell differentiation. A role for these purine degradation enzymes in the regulation of intracellular pools of the deoxynucleotide substrates of TdT is discussed.
Deficiency of either one of two sequential enzymes in the purine degradation pathway, adenosine deaminase (ADA; EC 3.5.4.4) and purine nucleoside phosphorylase (PNP; EC 2.4.2.1), results in immunodeficiency disease in children (1, 2) . The activities of ADA and PNP change markedly in the course of T-cell development in various species (3, 4) . ADA activity is highest in immature thymocytes and decreases markedly in the course of T-cell differentiation (3, 5) . In contrast, PNP activity increases in the course of T-cell differentiation (3, 4) . Taken together, these observations suggest a role for these purine degradation pathway enzymes in lymphocyte differentiation.
Terminal deoxynucleotidyltransferase (TdT; EC 2.7.7.31) is a unique DNA polymerase that catalyzes the addition of deoxyribonucleotides into the 3'-hydroxyl ends of DNA primers in the absence of template (6) . The activity of TdT is maximal in immature thymocytes and decreases during terminal T-cell differentiation (7) . It has been demonstrated that TdT activity is responsible for the formation of nucleotide regions (N regions) synthesized during immunoglobulin and T-cell antigen receptor (TCR) gene rearrangements (8) (9) (10) .
The unique ratio of ADA and PNP activities in human thymocytes plays a critical role in the regulation of intracellular deoxynucleoside triphosphate pools in these cells (11) . It has been suggested that the combination of high ADA activity with relatively low PNP activity is required for balancing the supply of deoxynucleotides, the substrates for TdT activity in human thymocytes (11) (12) (13) . This hypothesis predicts that the expression of TdT, ADA, and PNP genes will be coordinately regulated in the course of B-and T-cell differentiation and will be closely associated with gene rearrangements in these cells. (19) and transferred onto nitrocellulose as described by Thomas (20) . Nitrocellulose was allowed to dry at room temperature and was baked for 2 hr at 80°C in a vacuum oven. Blots were prehybridized in 50%6 (vol/vol) formamide/5 x SSC (1 x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0); 5 x Denhardt's solution (1 x Denhardt's solution = 0.02% Ficoll/ 0.02% polyvinylpyrrolidone/0.02% bovine serum albumin fraction V), 25 mM sodium phosphate, pH 6.5/0.2% sodium dodecyl sulfate (NaDodSO4) and denatured salmon sperm DNA (Sigma) at 200 ,ug/ml. Hybridization was carried out in Abbreviations: ADA, adenosine deaminase; PNP, purine nucleoside phosphorylase; TdT, terminal deoxynucleotidyltransferase; TCR, T-cell antigen receptor; PKC, protein kinase C; PTA, phorbol 12-tetradecanoate 13-acetate; aPD2, 4a-phorbol 12,13-didecanoate; pPD2, 43-phorbol 12,13-didecanoate; PBt2, phorbol 12,13-dibutyrate; MHC, major histocompatibility complex.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the same prehybridization solution for 16 hr by adding [a-32P]dCTP-labeled probes that were prepared by using deoxyhexanucleotides as random primers and the Klenow fragment ofEscherichia coli DNA polymerase I (Pharmacia). The probes used were the EcoRI fragment of the TdTencoding plasmid (15) , the EcoRI/1)de I fragment ofthe ADA plasmid (16) , and the Pst I fragment of the PNP plasmid (17) . After hybridization blots were stringently washed for 2 hr with three changes of 0.1 x SSC/25 mM sodium phosphate/ 0.2% NaDodSO4 at 68TC. Blots were autoradiographed at -700C using a screen intensifier. Equal amounts of RNA in different experimental samples was confirmed by absorbance measurements, and the integrity and equal distribution of the RNA was determined by ribosomal RNA, which was visualized under UV light in gels that were stained with ethidium bromide. Further controls for equal mRNA concentration after blotting were also performed by using cDNA probe for the constitutively expressed gene encoding adenine phosphoribosyltransferase.
RESULTS
Blot Hybridization Analysis of ADA, TdT, and PNP mRNAs in Phorbol Ester-Treated Human Thymocytes. The effect of the phorbol ester PTA on ADA, TdT, and PNP mRNAs in human thymocytes was analyzed by blot hybridization (Fig.  1) . Incubation of human thymocytes in the presence of PTA resulted in decreased TdT and ADA mRNA, whereas the PNP mRNA was increased by the same treatment. No reduction in ADA mRNA was observed in mature peripheral blood T cells incubated in the presence of PTA and no TdT mRNA was detected in these cells (data not shown).
Specificity and Reversibility of the Phorbol Ester Effects on mRNA Levels. To determine whether the effect of PTA on mRNA levels in thymocytes is consistent with PKC activation the effect of various phorbol esters on the levels of ADA, TdT, and PNP mRNAs in thymocytes was examined (Fig. 2) . There was good correlation between the structure of phorbol esters required for PKC activation (21) and the effect on ADA, TdT, and PNP mRNAs in thymocytes. Thus, configuration of the phorbol ester was required for induction of changes in ADA, PNP, and TdT mRNAs (Fig. 2) in the activation of PKC (21) . The water-soluble PBt2 had effects similar to those of PTA. Active phorbol esters induced increases in PNP mRNA and in parallel caused a decrease in mRNAs of ADA and TdT (Fig. 2) .
The viability of thymocytes incubated in vitro under the described experimental conditions in the presence or absence of phorbol esters for up to 6 hr always exceeded 95%, suggesting that no irreversible cytotoxicity was caused by PTA. To further assess the nature of the effect of phorbol esters on human thymocytes, we determined the reversibility of the phorbol ester effect on mRNA, using the relative hydrophilic phorbol ester PBt2, which can be efficiently washed out (Fig. 3) . PBt2 caused an increase in PNP mRNA and a decrease in TdT and ADA mRNAs. After washout of the phorbol ester the levels of all three mRNA species returned to basal, demonstrating the reversibility of the phorbol ester effects.
Effect of PTA on the Stability of ADA and TdT mRNAs. To determine the molecular level of the regulation of ADA and TdT mRNAs by phorbol esters, the effect of PTA on mRNA stability in the presence of the RNA polymerase inhibitor actinomycin D was examined (Fig. 4) . Treatment of human thymocytes with PTA resulted in a significant increase in the degradation rates of the mRNAs of both ADA and TdT. Thus, the half-life of ADA mRNA decreased from 120 min in the absence of PTA to 50 min in its presence, while that of TdT decreased from 130 min to 30 min under similar conditions. Thus, changes in ADA and TdT mRNA degradation rates contribute to the regulation ofthese mRNAs by phorbol esters. The low levels of PNP transcripts in unstimulated thymocytes did not allow similar analysis of the degradation rate of this message.
DISCUSSION
In the present study a short-term in vitro system was used to study the regulation of ADA, TdT, and PNP mRNAs in differentiating human thymocytes. We have previously shown that phorbol esters can regulate the expression ofTCR genes in cultured human thymocytes (14) . The results reported here further support a role for PKC activation in the response of human thymocytes to differentiation stimuli. The changes observed in the mRNAs of ADA, TdT, and PNP in human thymocytes cultured in the presence of phorbol esters closely simulate the changes in the activities of these enzymes during terminal differentiation of thymocytes in vivo (13) . Thus, in the course of thymocyte differentiation the activities of TdT and ADA decrease, whereas the activity of PNP increases (13) . Changes in the mRNA levels of these enzymes observed in the present study in thymocytes incubated in the presence of phorbol esters are consistent with these changes in vivo ( Figs. 1 and 2) .
We have previously shown that ADA and PNP activities play a role in the degradation of deoxynucleotides in human thymocytes (11) . The coordinated regulation of ADA, TdT, and PNP activities observed in human thymocytes (Fig. 1) may thus ensure the supply of balanced intracellular deoxynucleoside triphosphate pools needed for TdT activity in these cells. Indeed, we have previously observed that nondividing thymocytes contain unusually high levels of deoxynucleoside triphosphates compared to mature peripheral blood T lymphocytes (11) . We have postulated that the higher ratio of ADA to PNP activities in thymocytes compared to peripheral blood T cells (13) may be partially responsible for maintaining the balanced intracellular deoxynucleotide pools observed in thymocytes (11) .
TdT activity appears exclusively in immature B or T lymphocytes undergoing immunoglobulin or TCR gene rearrangements, respectively (9, 13) . The activity QfTdT, using deoxynucleoside triphosphates as substrates, has been associated with the synthesis of specific nucleotide regions (N regions) in these rearranging genes (6, 9, 10) . On the other hand, ADA and PNP activities change markedly in immature lymphocytes during TCR gene rearrangement (13) , and deficiency in either one of these enzymes causes immunodeficiency (1, 2). These observations, combined with the coordinated regulation of ADA, TdT, and PNP mRNAs reported here (Fig. 1) , support the hypothesis that ADA and PNP activities regulate the supply of deoxynucleoside triphosphates for TdT activity during TCR gene rearrangements in intrathymic T lymphocytes (see Fig. 5 ).
The specificity of the phorbol esters affecting the regulation of ADA, TdT, and PNP mRNAs (Fig. 3) is consistent with the involvement of PKC activation in this process. PKC activation often participates in signal transduction of receptor-ligand interactions, including the binding of antigens in combination with proteins of the major histocompatibility complex (MHC) to TCR molecules (22) . On the other hand, during intrathymic T-cell differentiation the expression of functionally rearranged TCR molecules can provide the signal for the cessation of further gene rearrangement (23) . Binding of TCR to self-MHC proteins was suggested to play a role in intrathymic T-cell selection and terminal differentiation (24, 25) . Thus, according to this hypothesis, at the completion of functional TCR gene rearrangement lowaffinity binding of the newly expressed TCR to self-MHC Proc. Nad. Acad Sci. USA 85 (1988) proteins will result in PKC activation, which then triggers cessation of further TCR gene rearrangement and induces changes in the levels of specific enzymes, such as TdT, ADA, and PNP, no longer required for gene rearrangements (Fig.   5 ).
ADA-and PNP-deficient patients suffering from immunodeficiencies are potential candidates for gene therapy. Experiments that involve expressing these genes by using retroviral vectors and foreign regulatory regions in bone marrow cells are in progress (26, 27) . The demonstration of cell differentiation-dependent regulation of these genes emphasizes the importance of expression vectors that include endogenous regulatory regions of ADA and PNP genes for functional expression of these genes. For that end, further identification and characterization of the DNA regulatory region is required.
